Background: Tropical forests play an important role in the global carbon (C) cycle. However, tropical montane forests have been studied less than tropical lowland forests, and their role in carbon storage is not well understood. Montane forests are highly endangered due to logging, land-use and climate change. Our objective was to analyse how the carbon balance changes during forest succession.
Background
Tropical forests play an important role in the global carbon cycle. More than 50% of the carbon stored in aboveground vegetation is assumed to be located in the tropics (Pan et al. 2011) . Additionally, tropical forests are one of the most productive ecosystems (Bonan 2008 ). In the global carbon cycle, tropical forests are considered to act as a carbon sink (Houghton et al. 2009; Beer et al. 2010; IPCC 2013) . However, at the local scale, forests act as either sources or sinks, depending upon their successional stage and disturbance state (Luyssaert et al. 2008; Morton et al. 2014; Anderson-Teixeira et al. 2016; Gatti et al. 2014) .
Tropical montane forests have been studied less than tropical lowland forests, and their role in carbon storage is not well understood (Spracklen and Righelato 2014); they are highly endangered due to logging, land-use and climate change (Beck et al. 2008; Colwell et al. 2008) . The Tropical Andean forests are considered to be one of the world's biodiversity hotspots (Brummitt and Lughadha 2003) , but they experience one of the highest deforestation rates in South America (1.7%, FAO 2009). For South Ecuador deforestation rates of 2.9% were reported for the period from 1989 to 2008 (Tapia-Armijos et al. 2015) .
Scientific knowledge concerning the dynamics of these ecosystems must be improved to ensure the protection and sustainable management of timber, water and other ecological resources provided by these forests. One method that quantifies the carbon balance of forest ecosystems is the eddy-covariance method, which estimates the net ecosystem exchange (NEE) of carbon. However, in montane areas, the classical eddy-covariance method is difficult to apply because it requires a quasi-flat landscape (Oren et al. 2006; Richardson et al. 2006; Stoy et al. 2013) , which is not the case in a high elevation gradient with pronounced gorges and ridges (Kutsch et al. 2008) . Therefore, alternative methods are needed to estimate carbon balances. Inventories and field experiments are fundamental, but focus on the site level. Another method uses forest models with the strength on spatial and temporal extrapolation. Forest models in combination with forest inventories offer an alternative approach to estimate and extrapolate carbon fluxes. Additionally, this approach allows to explore correlations between carbon fluxes and other forest attributes (e.g. leaf area index and basal area) and to follow these patterns during forest succession.
Process-based forest growth models such as FORMIND (Köhler and Huth 2004; Fischer et al. 2016 ) simulate recruitment, mortality and tree growth to analyse spatial and temporal forest dynamics. Thereby, such models can improve our understanding of forest ecology (Pacala and Kinzig 2002 ). The FORMIND model has been applied to various tropical forests (Köhler and Huth 2004; Rüger et al. 2007; Dislich et al. 2009; Fischer et al. 2014) , temperate forests (Bohn et al. 2014 ) and even grasslands (Taubert et al. 2012) .
In this study, we compared the simulated carbon dynamics of two topographically different forest types in Ecuador: (I) lower slope and ravine forest and (II) upper slope and ridge forest. The main questions of our study are: a) How does the successional stage of a tropical montane forest affect the local carbon balance? b) Is there a relationship between the simulated structural forest attributes (e.g., the relative amount of pioneer trees or basal area) and the carbon flux?
Methods
In this section, we present the study site in Ecuador (ridge forest and ravine forest) and the forest model FORMIND. For this study, the model was extended by a carbon balance module and parameterized for the ravine forest. The model parametrization for ravine forest was compared with an already existing parametrization of the ridge forest.
Study area
Our study area is located in the evergreen montane forest of the Reserva Biológica San Francisco (RBSF) (3°58′S, 79°0 4′W), which is located on the eastern slope of the Andes in southern Ecuador. The reserve covers an elevation gradient from 1,800 to 3,200 m above sea level (a.s.l.), has an average slope of 40°, and harbours four main forest types. These forest types differ in structure and species composition (Homeier et al. 2008; Homeier et al. 2010 ). To date, over 300 tree species have been identified in the 1,000 ha area of the RBSF.
At the elevation between 1,900 and 2,100 m a.s.l., we distinguished between upper slope/ridge forest and lower slope/ravine forest (Homeier et al. 2008) . The ravine forest has a lower stem density but a higher basal area and a higher canopy height (20-25 m) than the less species-rich upper slope forest. The dynamics of the upper slope forest have already been investigated using the forest model FORMIND (Dislich et al. 2009; Dislich and Huth 2012) . Our study focused on the analysis of the lower slope forest (Fig. 1) •ha −1 for basal area and 2,300 individuals per hectare for overall stem density. All inventory plots have no sign of human impact and are therefore assumed to be in an old growth state (Leuschner et al. 2013; Werner and Homeier 2015) . A detailed description of the forest inventories used for model calibration (lower slope/ravine forest only) can be found in Additional file 1: Appendix A.
To validate our model results, we used additional forest inventories (matrix plots, Werner and Homeier 2015, plus personal communication) . The matrix plots cover six 20 m × 20 m plots for each of the two forest types (ravine and ridge), wherein every tree larger than 10 cm dbh was measured in the years 2008 and 2009. Trees that died within this time period were excluded. The method of upscaling these plots to 1 ha is discussed in Werner and Homeier (2015) and resulting values are shown in Table 1 . Carbon flux estimations from field data (e.g. aboveground net primary productivity ANPP) which were given in units of tons organic dry matter (tODM), were converted into units of mega gram carbon (Mg C) by applying a factor of 0.44 (Larcher 2001 ).
The FORMIND model
For this study, we utilised the individual and processbased forest gap model FORMIND (Fischer et al. 2016 ). This model is capable of simulating several hundred hectares of forest over a time period of a few centuries. The main processes represented in the model are the establishment of young trees, tree mortality, tree growth and competition for light and space. Tree species within the model are grouped into plant functional types (PFT) according to physiological attributes such as maximum attainable stem diameter and maximum stem diameter growth. All trees within simulation patches of 20 m × 20 m compete with one another for light and space. As FORMIND is a process-based model, tree growth is based on a balance between tree photosynthesis and tree respiration rates. For this study, FORMIND was extended by an ecosystem carbon balance module to analyse and estimate all local carbon fluxes between atmosphere, vegetation and soil.
The biomass calculation in FORMIND is based on tree height and diameter at breast height (dbh). Wood density as well as allometric relationships relating tree diameter and height are different for each PFT. The following equation was used to calculate aboveground biomass B (t•ha −1 ) for a tree with a stem diameter D (m):
whereby the calculation represents the volume of the tree stem (according to its geometry) multiplied by three factors. Firstly, f [−] denotes a form factor which accounts for deviations of the stem from a cylindrical shape. Secondly, ρ (tODM•m −3 ) denotes the wood density and σ (tODM•tODM −1 ) represents the fraction of total aboveground biomass included in the stem. The sum of the aboveground biomass of all trees within one hectare represents the biomass of the simulated forest.
For this study, forest dynamics are simulated for 1 ha over a period of 1,000 years using a calculation time step of one year. Each simulation was repeated 10 times (for a total of 10 ha) and was initialised with fallow land. Additionally, we assumed that all carbon stocks in the carbon module are empty (for a description of the different carbon stocks) We differentiated between three successional stages: (a) early succession, from year 0 to 100 years, (b) intermediate succession, from 101 to 500 years, and (c) late succession or old growth stage, from 500 years until the end of the simulation (1,000 years).
In the first step, we analysed static attributes such as basal area, aboveground biomass, stem count, and stem size distribution. In the second step, we analysed advanced and very dynamic forest attributes such as the gross primary production (GPP), aboveground net primary production (ANPP), ecosystem respiration (above-and below-ground) and net ecosystem exchange (NEE). Additionally, vegetation and soil carbon stocks were analysed and compared for both forest types (ravine and ridge forest). It is important to note that all of the carbon pools and carbon flux data presented in this study refer to the projected horizontal area because they pertain to montane forest stands (with an average slope of 33°).
A detailed description of the FORMIND model can be found in Fischer et al. (2016) . A list of all model parameters for this study as well as a detailed description of the used carbon cycle submodule is in Additional file 2: Appendix B.1.
The ecosystem carbon cycle module: deadwood and soil-carbon dynamics
In this study, FORMIND was extended by a component to analyse and estimate soil respiration, deadwood respiration and respiration of living biomass. In this module, the model distinguishes between four main carbon stocks: the carbon stored in the living vegetation, deadwood carbon and two types of soil carbon (Fig. 2) . The deadwood stock contained carbon originating from dead trees, whereas the two soil stocks contained carbon originating from the decomposition of deadwood. The soil separates into two different soil stocks in the different soil layers -one follows a rapid decay process and the other follows a slow decay process (Sato et al. 2007 ). The dynamics of these three stocks are described in the following equations:
where S fast , S slow , S dead and S mort (tc•ha −1 ) represent the (Werner and Homeier 2015) field measurements (matrixplots) used for comparison (Werner and Homeier 2015) field measurements from Peru (Plot VII) used for comparison (Girardin et al. 2010 
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The data from Leuschner et al. (2013) was used for calibrating the model. Another data set from Werner and Homeier (2015) for the ravine forest was used for validation. The last two columns are exemplary data sets for other montane forests in Peru with similar behaviours stocks of rapidly decaying, slowly decaying, dead and newly added dead biomass through mortality. The parameters t S dead →A , t S slow →A and t S fast →A 1 y Ã Â denote the transition rates of carbon released from the respective soil stocks to the atmosphere. The parameters t S dead →S fast and t S dead →S slow 1 y Ã Â represent the decomposition rates of deadwood material (see Additional file 2: Appendix B.4 for more details). The net ecosystem exchange (NEE) is calculated as the difference between the gross primary productivity (GPP) of the forest and the respiration by the forest and soil:
where C GPP is the sum of the gross primary productivity of all the trees in the forest and C R is the total respiration of all of the living trees in the forest. When the NEE value is positive, the forest takes up carbon. For further details, see Additional file 2: Appendix B.1-B.3 or Fischer et al. (2016) .
Parameterisation for tropical montane forest
A full parametrisation of the forest model FORMIND for the ridge forest type has already been developed (Dislich et al. 2009) . In this study, we parameterised this model for the ravine forest.
The 159 tree species recorded for ravine forest were grouped into nine plant functional types (PFT) (Smith and Shugart 1997; Köhler et al. 2000) . We used three criteria for the grouping of species: (a) maximum dbh, (b) maximum stem diameter growth and (c) maximum attainable height. Each of these nine PFTs belongs to one of four light demand groups (Table 2) . We assumed that light demanding species grow faster than shade tolerant species. There were two fast-growing PFTs (PFT 4 and 8), three medium-fast-growing PFTs (PFT 3, 6 and 7), and four slow-growing PFTs (PFT 1, 2, 5 and 9); subsequently, we will refer to these species groups as pioneer, intermediate and climax species, respectively. A more detailed description of the species groups, including a list of all tree species, is in Additional file 1: Appendix A.5.
For this study, most of the FORMIND model parameter values were determined based on local forest inventories (e.g., the allometric relationship between dbh and tree height), and some of the parameter values were taken from the literature (see Additional file 2: Appendix B.4). Due to the lack of repeated forest surveys, parameters concerning mortality are unknown. These parameters were estimated using a calibration process that compared the simulated mature forest to the forest inventories. We analysed in detail the total aboveground biomass and the fraction of biomass for each PFT for all trees with a dbh > 10 cm. The aboveground biomass of 
Differences of ravine and ridge forest
The two forest sites mainly differ in the availability of nutrients in the soil (fewer nutrients in the upper slope/ ridge forest). This leads to a variation in species composition and productivity. To understand how these differences between the upper slope (Dislich et al. 2009 ) and the lower slope (this study) were modeled, the parameter values for the main processes in the forest model were analyzed in detail (see Table 3 ). Key processes of the forest model are mortality, productivity and regeneration. According to the model parameters, tree mortality is higher in the ridge forest, than in the ravine forest (5.5% vs. 2.2%). This makes sense as ridge forests are stronger influenced by wind and weather than the ravine forest. However, the productivity parameter is 20% less in the ridge forest compared to the ravine forest. An explanation could also be the limited availability of soil nutrients in the ridge forest. Regeneration rates are comparable in the parameterisation for both study sites.
Results
The total aboveground biomass of the lower slope ravine forest reached a quasi-equilibrium after approximately 250 years (Fig. 3a , 221 ± 6.7 tODM•ha −1 ), whereas the climax trees did not reach their maximum biomass until after 500 years. During the first 100 years of succession, we observed a high dominance of pioneer trees with biomass values of up to 181 tODM•ha −1 . After 300 years of succession, the tree species with intermediate light demands dominated the forest. After 500 years the species composition more or less stabilised (Fig. 3) . For the late successional stage, the simulated total aboveground biomass (233.6 ± 11.6 tODM•ha −1 mean over the last 500 years of the simulation) was in good agreement with the field measurements (233.8 tODM•ha
−1
). In detail, the biomass of the pioneer species (52.3 ± 17.6 tODM•ha in the field). The total biomass was in the range of the validation data (271 ± 165 tODM•ha −1 ). In the early successional phase, the forest included many small-sized trees (approximately 425 ± 24.4 per ha, dbh < 20 cm), whereas larger trees (dbh > 70 cm) were absent (Fig. 3b) . In the late successional phase (after 500 years), trees attained sizes of up to 110 cm dbh. Also field data and simulation output show a good accordance in the late successional phase (Fig. 3c) .
The gross primary production (GPP) reached a stable level of approximately 26.3 ± 0.7 Mg C/(ha y) after approximately 350 years (Fig. 4a) . The aboveground net primary productivity (ANPP) showed a rapid increase within the first 40 years of succession (including a slight overshoot) and then stabilised at values of 3.5 ± 0.5 Mg C/(ha y) (Fig. 4a) . Within the first 15 years of succession, the net ecosystem exchange (NEE) attained values of up to 9.3 ± 0.06 Mg C•(ha•yr) −1 (Fig. 4b) . In later phases, the NEE fluctuated approximately 0.0 ± 0.8 Mg C•(ha•yr) −1 . The ridge forest also showed a rapid increase in productivity (GPP and ANPP) during the early successional phase (Fig. 4c) . After 250 years, the GPP and ANPP reached 25.1 ± 0.6 Mg C•(ha•yr) −1 and 3.7 ± 0.05 Mg C•(ha•yr) −1 , respectively, which is on the same order as those for the ravine forest (Fig. 4c) . In the late successional stage, the NEE of the ridge forest fluctuated approximately 0.0 ± 0.2 Mg C•(ha•yr) −1 (Fig. 4d) . In addition to analysing forest dynamics, our simulation approach also allowed us to explore the relationships between different forest variables and therefore, provided options for exploring ecosystem relationships which have For both sites, essential key parameters were compared (photosynthesis, number of seeds, mortality rate). The given mean model parameters were averaged by the biomass abundance of each PFT in the field. Full parameter list for the ravine forest can be found in Additional file 2: Appendix B.4, for the ridge forest in Dislich et al. 2009 been explored also in other chronosequence forest studies (Denslow and Guzman 2000; Law et al. 2003) . In contrast to these field studies, which are based on a few measurements in time, the simulation model allows us to follow patterns across the whole successional phase. In the early successional phase, as long as the fraction of pioneer trees in the forest community was larger than 0.75, we observed two steep gradients in NEE from 0.0 Mg C•(ha•yr) −1 to 9.3 Mg C•(ha•yr) −1 in the first 9 years and from 9.3 to 3.4 in the years 9 to 17. As the fraction of pioneer trees dropped from 0.75 to 0.5, we observed NEE values between 3.3 and −0. , respectively. We detected that as the basal area increased during early succession, NEE values increased as well, reaching a maximum value of 9.3 Mg C•(ha•yr) −1 (Fig. 5b , during the first 10 years). After reaching its maximum, NEE experienced a strong decline as basal area further increased. 
Discussion
The Tropical Andes are a major biodiversity hotspot (Brummitt and Lughadha 2003) . To analyse the local carbon cycle of a tropical montane forest, we used the process-based forest model FORMIND. We developed a parameterisation for an undisturbed montane rain forest in the Reserva Biológica San Francisco (RBSF). The simulation results showed a good reproduction of basal area and stem number when compared to field data. The estimated aboveground biomass (233.6 ± 11.6 tODM•ha ) (Werner and Homeier 2015) .
Aboveground forest productivity
Field measurements of gross primary productivity and net primary productivity of tropical montane rain forests are rare. In Table 2 , we list some values for tropical montane forests in Peru, which are similar in elevation range to our study site (1,800-2,200 m a.s.l.) (Girardin et al. 2010) . The Peru sites include some of the dominant tree families that are also present in our study region (Lauraceae and Alzateaceae). The basal area, species number, air temperature (13.5°C -18.0°C) and annual precipitation (1,827 -2,472 mm•yr −1 ) of the Peru sites are comparable to the sites in Ecuador. In summary, our estimates for the ANPP (3.5 ± 0. (Table 1) .
For the Ecuador sites, some estimates based on field measurements are also available. The field data indicated a difference between the ANPP of ravine and ridge forests (4.6 and 2. shows the independent validation data from forest inventory plots including all tree groups (Werner and Homeier 2015) . The light colours represent the variation between simulation runs (standard deviation for 10 simulation runs of 1 ha). The two graphs below show the stem size distributions for 10 simulation runs of 1 ha for a young forest (b, simulation year 50) and an old-growth forest (c, simulation year 950) and exemplary visualisations (only trees larger 10 cm dbh). The closed black dots represent the field data used for calibration
Net ecosystem exchange
Ground-based methods for estimating forest productivity and carbon fluxes are often based on stem diameter and respiration measurements (stem, leaves and soil), mortality and litter fall (Malhi et al. 2009 ). By combining stem diameter increments with allometric equations (Chave et al. 2005; Chave et al. 2014) , it is possible to estimate the aboveground biomass increment for trees. By including respiration and litter fall, it is then possible to estimate the carbon balances of trees and the NEE of local stands. Normally, these methods can only be used at small spatial scales. Even when a greater number of trees is monitored, the risk of over-or underestimating the regional carbon balance due to heterogeneity in tropical forests (Köhler and Huth 2010) or other up scaling effects remains.
For the RBSF study site in South Ecuador, NEE values between −1.6 and 2.2 Mg C•(ha•yr) −1 were calculated (Leuschner et al. 2013 , measured on three 20 m × 20 m plots), which indicated that the forest acts as either a carbon source or sink, depending upon the location of the measurement. In our forest simulations, we observed higher NEE values only in the early successional stage; in the mature forest, the NEE fluctuated around zero (0.01 ± 0.77 Mg C•(ha•yr) −1 for 10 ha). Please note that the variation in the NEE (±0.77 Mg C•(ha•yr) −1 ) is an indicator of a diverse distribution of local carbon sources and sinks in the forest in time and space.
In the second part of our study, we explored the relationships between NEE and two different forest attributes. The first attribute is the relative amount of pioneer a c b d Fig. 4 Productivity and net ecosystem exchange over time for lower slope/ravine and upper slope/ridge forest (simulation results, 10 ha forest). a Productivity for ravine forest is split into tree gross primary productivity (GPP, black) and aboveground tree net primary productivity (ANPP, green). The green dots refer to field measurements (Werner and Homeier 2015, personal communication) used for validation. b Net ecosystem exchange over time for ravine forest. The lines in light colours represent the variation within the forest simulation (standard deviation for 10 simulation runs of 1 ha). For comparison, simulation results for the ridge forest (c-d) are also plotted (using the forest model parameterization from Dislich et al. 2009) trees (number of trees with dbh > 10 cm). For the early successional stage, we observed a strong relationship between the relative quantity of pioneer trees ( Fig. 4a ) and the NEE. As the proportion of pioneer trees grew, the NEE increased exponentially. In the late successional stage, no functional relationship was observed. The second attribute we explored is the basal area. Again, there was a strong relationship between the basal area and the NEE in the early successional stage but no signal in the late successional stage. Both of these examples demonstrate that for the early successional stage, proxies can be derived to evaluate the NEE values for a tropical montane forest.
The presented approach has high potential but we also have to acknowledge limitations. Model calibration and validation were done based on the existing field data from mature forest, while important conclusions were derived from model results for different successional stages. A more detailed calibration of the model is possible if we have field measurements from forests at different successional stages. However, current field data includes also some trees of earlysuccession and mid-succession (due to gap dynamics in the forest). Using this field data (including local scale succession events) and due to the fact that FORMIND is an individual-based model, we have already incorporated tree-related properties for different successional stages.
Conclusion
In summary, we found that (a) process-based forest models in combination with forest inventories are a useful tool to investigate the carbon balance of tropical forests at a local scale. These techniques allow for the exploration of the dynamics of aboveground biomass and net ecosystem exchange for different successional stages. The different successional stages have a recognisable influence on the forest carbon balance. (b) Additionally, our study explored the relationships between the forest variables and NEE, which appeared to be weaker or stronger depending upon the successional stage of the forest. We discovered a strong signal for the early successional stage but no signal for the late successional stage. These relationships promote a better understanding of the role of tropical montane forests in the context of global carbon cycle. 
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